I. INTRODUCTION
To realize the goal of producing, identifying, and studying a positronium (Ps) Bose-Einstein condensate (BEC), 1 we will need to produce a dense, cold, spin polarized source of Ps. For a 2D BEC of Ps at areal density n 2D = 10 12 cm 2 , or a 3D BEC at density n 3D = 10 18 cm 3 , the critical temperature for condensation is T c ∼ 15 K. 2, 3 To accomplish this, pulses of ∼10 8 positrons from an accumulator, 4 compressed by a rotating electric field 5, 6 at ∼50 MHz (to a plasma 1 mm in diameter) will be accelerated and temporally bunched 7 to ∼10 ns FWHM and then extracted from the accumulator through a small aperture in a µ-metal shield. 8, 9 The beam will then be electrostatically focused to a radius of <0.1 mm onto a transmission remoderator. 10 After about 15% of the positrons emerge from the re-moderator foil with low energy, they will be accelerated and electrostatically focused again, a process known as brightness enhancement, 11 to a ∼10 µm diameter spot at the target where they become trapped within a cavity ∼10 µm in diameter and 10-100 nm deep. The final areal density at the target will be 2 × 10 13 cm 2 , about 100 times greater than previously achieved. 12 Once implanted in the target, up to 50% of the positrons may be expected to form Ps at cryogenic temperatures. 13, 14 Roughly one-quarter of the Ps atoms formed are in the 1 1 S 0 state and are rapidly (τ = 125 ps) lost to annihilation. The remaining three-quarters form 1 3 S 1 with a vacuum lifetime of 142 ns. The high-density of Ps expected in the cavity will lead to spin-exchange quenching 15 and di-positronium formation, 16 reducing the amount of triplet Ps until these processes are exhausted, leaving pure m = 1 triplet Ps. 12 a) Author to whom correspondence should be addressed: gabriel.cecchini @ucr.edu
The combination of processes leading to rapid annihilation means that the delayed signal that we hope to observe will come in addition to a substantial prompt background of 511 keV γs; however, the prompt signal will rapidly decay so that after ∼40 ns, we will be able to unambiguously detect coincident annihilation γs from long lived triplet Ps quenched 17 by a delayed 10 ns 1 T pulsed magnetic field transverse to the polarization direction of the triplet Ps. As Ps will be confined within a cavity, probing the temperature of the atoms cannot be trivially achieved via spectroscopic techniques (e.g., measuring the Doppler width of the 1S-2P transition of Ps emitted from the target into vacuum 18 ), and the Doppler spectroscopy of Ps within a cavity is further complicated by saturation and line-narrowing. 19 Rather, the Ps temperature will be measured using the Angular Correlation of Annihilation Radiation (ACAR) 20, 21 method to measure the momentum of Ps atoms at the instant of annihilation. Accounting for the non-zero momentum of a Ps atom at the time of annihilation, the annihilation photons with momenta p 1 and p 2 deviate from collinearity by the angle θ ≈ For Ps cooled to 10 K, the FWHM of the angular distribution is ∼0.14 mrad, so the angular resolution of the apparatus needs to be about 0.1 mrad. In this paper, we describe the construction and testing of a modular detector assembly, which will form the basis of the detector arrays necessary for the planned experiment. In Sec. II, we present the design and construction of the assembled detector and characterize the cross talk between neighboring channels. In Sec. III, we present details of a data analysis routine and the optimization and characterization of its performance. Preliminary data collected with a one-quarter scale version of the final experimental arrangement are presented in Sec. IV.
II. DESIGN AND CHARACTERIZATION OF THE DETECTOR ASSEMBLY
The planned experiment will involve two detector arrays separated by 20 m, positioned diametrically opposite and equidistant from the target chamber. Each array contains 192 30 × 22 × 2 mm 3 lutetium-yttrium oxyorthosilicate doped with 0.05% cerium [Lu 1.8 Y 0.2 SiO 5 :Ce (LYSO:Ce, hereafter "LYSO" for short)] scintillator channels. We anticipate one delayed detected 2γ annihilation event per 7.4 × 10 4 singlet Ps atoms annihilating immediately at the target. For pulses of ∼10 7 positrons, this would result in a prompt signal of ∼1 single γ per shot per channel. In developing the detector, we reviewed several possible candidate scintillators: lead tungstate (PbWO 4 ), LYSO purchased from Shanghai Project Electronic Technology Company, and thallium-doped sodium iodide (NaI(Tl)), as well as a plastic scintillator (EJ-230) purchased from Eljen Technology. In the following discussion, we describe the characteristics of several different scintillators in various configurations and describe the final assembly produced.
A. Testing of scintillators and mounting arrangements
To test and characterize a modular detector, it is first positioned ∼5 cm away from a 13 µCi 22 Na positron source. Pulse waveforms from the test assembly are recorded when detected in coincidence (∆t ≤ 20 ns) with the unambiguous observation of a 1.27 MeV γ in a NaI(Tl)-based detector oriented perpendicular to the test assembly. The combination of a weak source and detection coincident with the birth of a positron greatly reduces the observed background resulting from cosmic radiation and scintillator self-signal (as seen in LYSO). We average over ∼10 3 waveform records to generate composite pulses with high signal-to-noise ratios, allowing a precise comparison of the performance of each test system. An example illustrating three such measurements comparing a variety of LYSO arrangements is plotted in Fig. 1 .
Each scintillator tested was approximately three absorption lengths long, yielding a ∼95% chance of interaction for 511 keV γs entering the scintillator along its longest axis. For the inorganic scintillators LYSO and PbWO 4 , which have 511 keV attenuation lengths of ∼1 cm, the scintillators measured 30 × 22 × 2 mm 3 . The plastic scintillators, with an attenuation length of ∼10 cm, measured 300 × 22 × 2 mm 3 . Scintillators were coupled to a Hamamatsu H12700B 64 anode photomultiplier tube (PMT) for testing.
The energy deposited from a γ-ray can be inferred from the resulting pulse area, calibrated from the measured pulse area spectrum as indicated in Fig. 2 . To make a fast and accurate estimate of the energy of a given γ detection, pulses are fit with a simple function with characteristic rise and decay times which are derived from the composite pulses, as illustrated in Fig. 1 . Table I lists a summary of the fitted rise and decay times of the different scintillator materials tested. LYSO was selected for its large light output and moderate rise time, two important qualities for multi-peak detection.
When testing LYSO, it was found that the observed lifetime (∼46 ns) was longer than 40 ns reported in the literature. 25 This led us to investigate LYSO response times and energy resolutions for various scintillator geometries. Annihilation energy spectra were generated using two similar Hamamatsu R1924A single channel PMTs each coupled to one of the two different sizes of LYSO: a block measuring 30 × 15 × 15 mm 3 and a thin rectangle measuring 30 × 22 × 2 mm 3 coupled to the PMT at the 2 × 22 mm 2 face. Typical 511 keV pulse areas are averaged and analyzed for signal pulse rise and decay times. Both LYSO samples exhibited similar rise times, decay times, and energy resolutions, but it was noted that the thin LYSO produces smaller pulses. There are several possible explanations FIG . 2. Distribution of pulse areas from a 30 × 22 × 2 mm 3 LYSO:Ce scintillator. The LYSO:Ce sample is covered in ESR film on its sides and coupled on its 22 × 2 mm 2 face to a Hamamatsu H12700B PMT biased at 900 V. The largest peak, seen at a low pulse area, is a consequence of cross talk between neighboring channels. We set a discriminating limit for genuine data equivalent to 1/4 E p . The plateau between the two peaks is attributed to the Compton scattering within a scintillator with the Compton edge E c = (2/3) E p . The peak at 8 nV s results from a full absorption of 511 keV γs and has a resolution ∆E/E p of ∼16% FWHM.
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Rev. Sci. Instrum. 89, 053106 (2018) for this. UV light bounces fewer times on average within the block sample leading to higher efficiency as compared to the thin scintillator sample. Also, the block sample covers a greater portion of the center of the PMT's face ensuring that virtually all light incident on the glass face is detected. Energy spectra were recorded with a bare scintillator surrounded by flat black painted isolators or wrapped in a reflective film. The reflective film, Vikuiti Enhanced Specular Reflector (ESR) 26 purchased from 3M Optical Systems, is a 65 µm thick, non-metallic, 100% polymer that has a minimum 98% reflectance across the visible spectrum. The results of these tests are summarized in Table II . Bare thin scintillators exhibited the narrowest rise time (2.9 ns) but longer decay time (46 ns). Using black surfaces rather than ESR leads to a comparable rise time (3.1 ns) and a shorter decay time (43 ns). In Fig. 2 , a typical energy spectrum is plotted with data taken from a 30 × 22 × 2 mm 3 LYSO scintillator. The LYSO is wrapped in an ESR film, with no adhesive or coupling (i.e., with an air gap), and then the LYSO crystal is coupled on its 22 × 2 mm 2 face to a Hamamatsu H12700B 64 anode PMT with polydimethylsiloxane (PDMS) "glue." 27 Individual channels are separated by 4 mm thick tungsten isolators.
The PMT was biased at 900 V for these tests. A peak in the plotted pulse area spectrum at 8 nVs is attributed to a full absorption of 511 keV γs and is known as the photopeak (E p ) or full energy peak. A Gaussian fit to the peak indicates a mean photopeak pulse area of 8.08 ± 0.01 nVs, with a full width at half maximum (FWHM) energy resolution of ∼16% (∆E/E p ). The photopeak area accounts for ∼45% of the total counts after correcting for cross talk attributed to scattered light from neighboring scintillators which causes the large peak located at ∼10% of the photopeak centroid. A typical photo-peak event resulting from a 511 keV γ produces a pulse with a 345 mV amplitude. Assuming that the pulse area scales linearly with γ-energy deposited, the Compton edge, which occurs at E c = 340 keV, is found at ∼5.39 nVs and corresponds to a ∼230 mV amplitude. There is nonlinearity in the energy scale relating the observed pulse area and the energy deposited by an incident γ-ray described in Ref. 28 . However, in the energy range from 340 keV to 511 keV, the correction is only ∼3% and is neglected here. The plateau below this cutoff is due to the Compton scattering of γs within the scintillator.
B. Detector assembly
Each of the final detector assemblies comprises an array of 16 LYSO scintillators (30 × 22 × 2 mm 3 ), arranged in 2 rows of 8. Scintillators are coupled to the PMT 29 window along one 22 × 2 mm 2 face with a thin layer of PDMS; all of the remaining scintillator faces are covered in the ESR film to maximize the scintillation light reaching the PMT. The layout of one such detector is illustrated in Fig. 3 . Neighboring rows of 8 scintillators are separated by tungsten plates measuring 38 × 22 × 4 mm 3 . The assembly is encased within two 2 × 52 × 30 mm 3 tungsten plates. After the 2 components of PDMS are thoroughly mixed, it is set aside for ∼1 h to allow air bubbles formed during mixing to escape. While this process is occurring, the LYSO scintillators, along with the tungsten isolators, are assembled within a 53 × 53 × 12.5 mm 3 cavity in a 50 × 100 × 100 mm 3 block of Lucite. After ∼1 cm 3 PDMS is poured on top of the scintillator assembly, the glass face of the H12700B PMT is placed on top, with the interface taped. The unit is then inverted and left to cure for 24 h with a ∼4 kg weight placed atop the Lucite block. As illustrated in Fig. 3 , each of the completed detector assemblies is then housed in a black, light-tight, ABS (acrylonitrile butadiene styrene) plastic casing, held together with tongue and groove joints and black nylon screws, minimizing light leakage. Small holes at the rear of the assembly allow RG174/U BNC cables to connect to the modular detector. Following assembly, these holes are sealed with black silicone caulk to ensure the entire detector is light tight. The face of the ABS casing nearest the scintillators has 3 mm wide blind pockets cut into it above each channel, reducing the 5% attenuation of γs incident normal to the detector to ∼1% and providing a visual indicator of the position of each channel. In the final design, a 2 thick lead collimator (not shown) with 1 mm wide slits centered over each scintillator channel is carefully aligned in front of each detector, an established technique 20 used to measure positron ACAR distributions to cryogenic temperatures. 30 Figure 4(a) illustrates the positioning of the scintillators with respect to the PMT anodes. Each LYSO scintillator is centered over a group of four PMT anodes electrically connected together to yield one channel (other geometries were considered including those with scintillators centered between channels as well as directly over channels; however, it was observed that signals from various forms of cross talk impaired the time resolution). Figure 4(b) shows the layout of the anode connections for a single LYSO channel's output, with the accompanying electrical schematic illustrated in Fig. 4(c) . Each channel has a cable back termination resistor and a pair of back-to-back Si diodes that provide over-voltage protection for the digital oscilloscopes. An RC filter is built into the high voltage (HV) input and is represented in Fig. 4(d) .
C. Cross talk characterization
Within each modular detector, unwanted signals from adjacent scintillator channels (i.e., "cross talk") can result from the absorption of Compton scattered γs, reflection and or refraction of scintillation light at the PMT window, and capacitive pickup. Light leakage between nearby channels is exacerbated by refraction on entering the PMT's borosilicate glass face (n ∼ 1.53). Light from LYSO, with a refractive index of ∼1.82, can be expected to refract into a neighboring channel whenever its incident angle at the glass window is 50 • .
We detected scattered light cross talk occurring as far as two channels away from the source scintillator. Figure 5 provides a summary of data resulting from signals observed in neighboring channels when only 1 photopeak event was recorded on the PMT. From this data, it is evident that cross talk due to scattered light will not pose a significant problem since the average pulse area detected in the nearest neighboring channel represents only ∼2.5% of the original signal.
We have simulated γ-rays depositing energy within the scintillator assembly with scintillators measuring 2 × 30 mm 2 separated by an isolator (air, lead, or tungsten) measuring 4 × 30 mm 2 . In the simulation, 10 6 511 keV γs are uniformly distributed with trajectories normal to the 2 mm face, representative of a positron source placed far away and comparable to the geometry of the expected experiment. Attenuation coefficients extracted from NIST data are interpolated to describe a continuous energy spectrum. 31 Upon entering a material (either scintillator or isolator), a γ-ray has a chance of being absorbed with a probability dependent on its energy and the length traversed. Based on data obtained with a 16 channel LYSO-PMT detector, we find that ∼45% of γ-ray interactions are full energy photopeak events resulting from full absorption of an incident γ's energy. The differential cross section of γ-rays scattered from a single free electron and the ratio of the energy before and after scattering are determined from the Klein-Nishina 32 formula. From this, we create a probability distribution function (PDF) for the energy deposited that is in agreement with the experimental observations shown in Fig. 2 but without the low energy peak due to scattered light cross talk. Results are summarized in Table III .
Based on the simulation we find that Compton scattering events lead to the subsequent deposition of more energy in a neighboring channel than the channel they are initially scattered from 2.3% of the time when scintillator channels are separated by lead, and just 1.2% of the time with tungsten isolators. With lead isolators, the simulation indicates that ∼2% of incident γs will deposit at least 170 keV (1/2 E c ) into one of the nearest neighboring channels, in close agreement with observation. Using tungsten isolators, the simulation indicates a reduction to 1.4%. Short time scales and large energy distributions make it difficult to correct for Compton events beyond rejecting suspect results. Lead isolators were used in preliminary testing but are substituted with tungsten isolators in the final design to minimize the Compton scattering.
III. DATA ANALYSIS
During an experiment to measure the momentum distribution of Ps formed in the sample, and following each burst of positrons, the annihilation photon scintillation signals from each channel will be recorded on a set of 96 Teledyne LeCroy WaveAce 2024 4-channel 8-bit digital storage oscilloscopes (DSOs). The 96 DSOs will be arranged in 2 banks with each bank recording data from 12 modular detectors. One computer will download data for each array of 48 DSOs every 10 s. To accomplish this, software has been developed that will allow 192 channels consisting of 1024 data points each to be acquired in ∼830 ms. The raw data collected by each computer occupy 200 KB per shot. At a shot rate of 1 Hz, this would consume ∼16 GB/day. To reduce the storage requirements, the data are compressed before storage as follows.
Immediately after downloading data from a DSO, each channel is adjusted for the measured cross talk and relative gain. Each recorded waveform is then fitted to the function
using a least square trust-region-reflective algorithm. 33 The fit parameters, A i and t i , represent the amplitudes and times of the prompt pulse (i = 0) and up to 3 delayed pulses while σ and τ are obtained from the fits in Fig. 1(b) . To avoid fitting an excessive number of peaks, bounds are set such that A i ≥ A min and |t i t i1 | ≡ ∆t i ≥ ∆t min , where A min corresponds to a pulse area equivalent to 1/4 E p (see Fig. 2 ) and ∆t min = 5 ns. The minimum pulse amplitude A min is selected to reject events likely caused by the Compton scattering into neighboring channels. In order to determine the number of peaks i max , we require that χ 2 of the fit for each i ≤ i max must reduce χ 2 by at least a factor η such that Neighboring points in the waveform record are strongly correlated due to the inability to resolve individual photocathode events. As such, we assign the uncertainty in the individual voltage readings to be
where δV 0 is intrinsic to the DSO (≥1 bit, corresponding to 1/256 of the full voltage scale) and the term proportional to the square root of the signal accounts for the expected contribution from the Poisson statistics associated with the collection of individual photo-electrons, scaled by a factor α, where α is tuned such that a fit to a typical 511 keV pulse has a reduced χ 2 = 1. We systematically adjusted η such that the fitting algorithm remained both reliable and efficient. In Fig. 6 , the probability of a successful fit for a selection of values of η is plotted as a function of (a) the amplitude of the first delayed pulse (A 1 ) and (b) the time delay ∆t 1 . The value chosen for η noticeably affected the fitting routine's success against both A i and t i , and the minimum η is chosen to eliminate the anomalies represented within Fig. 6(a) for η = 1.1. Increasing numbers of fitted pulses must have at least a 25% better χ 2 to be deemed a better fit. In Fig. 7(a) , contour lines (and a color gradient) illustrate the fit success as a function of both time delay and pulse amplitude for η = 1.3. Figure 7(b) illustrates the impact of a more stringent fit condition, η = 2.1, which has a dramatic effect on small pulses occurring shortly after the prompt signal. Even in this case, the fitting routine is at least 50% effective for Compton scattered γs for ∆t ≥ 50 ns. The best results are found with η = 1.3, for which the efficiency is 70% for Compton scattered gammas, and well above 90% for most delayed photopeak events. An overall efficiency of detecting a 511 keV γ is calculated using results from the 2D simulation described in Sec. II C along with the pulse area dependent efficiencies illustrated in Fig. 6(a) . For γs depositing between 100 and 511 keV arriving 3-120 ns after a prompt signal consisting of 1-3 simultaneous prompt γs, our algorithm correctly detects the arrival time of up to 3 subsequent pulses to within 1.2 ns FWHM with an efficiency of ∼90%.
IV. PRELIMINARY RESULTS
We conducted a preliminary experiment to test the performance of our detectors, and data collection and analysis routines. The experiments made use of three pairs of modular detectors as described earlier, situated on either side of a Cu(110) target heated to 860 K in our pulsed positron beam, 34 at distances of ∼2440 mm indicated in Fig. 8 . To eliminate the small asymmetry in the angular correlation due to a few percent γ absorption in the Cu sample, the target is tilted at 10 • with respect to a line joining the detectors. With the 22 × 2 mm 2 face of the LYSO crystals facing the target and LYSO crystals separated by interleaved Tungsten plates, each scintillator channel subtended an angular range of 0.8 mrad with 2.4 mrad between each channel.
Bursts of ∼10 5 positrons every 4 s were implanted into the Cu sample with kinetic energies of 3-5 keV, ensuring that more than half of the positrons annihilate within the target. 35 Data were collected over the course of 72 h resulting in ∼30 000 coincident events. To cover the full angular range, one bank of detectors was set on a translational stage and scanned from 0 to 4 mm by hand in 2 mm (0.8 mrad) steps. The resulting   FIG. 8 . Setup for a preliminary experiment having one-quarter of the detectors described in Fig. 3 placed 4 times closer than 10 m that will be used in the intended experiment. One bank of multi-element detectors (right) is placed on a translation stage to explore the full spectrum detailed in Fig. 9 . The 2 mm wide scintillating channels subtend 0.8 mrad and are separated by 2.4 mrad. measurement of the angular correlation of the annihilation gammas is plotted in Fig. 9 .
Our preliminary results (filled circles with error bars) are compared with a previous measurement of the ACAR spectrum of Cu (solid line). 20 To directly compare our measurement with the measurement of Stewart, the curve from Ref. 20 is rescaled and a flat background is added to fit our data. With 31 degrees of freedom, the reduced chi-squared of the fit is 1.07, indicating a statistically reasonable fit. ACAR measurements on simple metals 36 are explained as arising from annihilations with conduction and core electrons, yielding spectra comprised of two major components. For Cu, the component resulting from positron annihilation with core electrons produces a broad Gaussian background distribution with a FWHM of ∼15 mrad, while annihilations with conduction electrons produce a narrow spread (∼8 mrad FWHM). 20 Both distributions are centered about an angular deviation of zero radians, corresponding to back-to-back gamma-rays. In a 1D ACAR measurement, which the present geometry approximates, the narrow component approximates the shape of an inverted parabola.
V. CONCLUDING REMARKS
We selected our detector configuration from the arrangements considered herein by comparing various scintillator and PMT attributes. LYSO's short rise time (∼3 ns), along with its good light output (∼32 photons/keV), and short attenuation length of ∼1.16 cm, resulting in ∼95% of all incident 511 keV γs producing a signal from the photomultiplier tube, make it the best choice for the planned experiment. The presence of ∼2.5% light cross talk between neighboring PMT channels is easily accounted for, given its consistency. The Compton scattering of γs causing simultaneous signals in neighboring scintillators is greatly reduced by using 4 mm tungsten shielding plates between scintillators. A subset of 6 modular detectors has been fully tested, and the entire set of 24 modular detectors has been assembled and is ready for the first experiments. The final apparatus will consist of a total of 386 channels covering ∼1.7 × 10 4 sr with 1 mm wide slits in a 5.08 cm lead collimator placed in front of each detector and detectors placed 10 m away from a target to yield an angular resolution of 0.1 mrad. The detection efficiency is ∼47% for a single pair of back-to-back annihilation γs depositing 100-511 keV after considering the efficiencies associated with a single LYSO channel and the analysis routine. We have avoided providing an estimate of the expected count rate in the final experiment, as there are a number of factors that would need to be addressed (e.g., the size of the prompt pulse, the background rate as a function of time, etc.), which would necessitate a comprehensive simulation.
